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Abstract: Plasmonic nanostructures have great potential for improving the radiation properties
of emitters. Here, the plasmonic Au nanorods-PVA nanocomposite films are used to uniformly
improve the photoluminescence of Tb/Eu co-doped PMMA film within the local micro-region.
Under the excitation of 292 nm, the maximum enhancement factor is 37.2-fold for emission
at 612 nm and 21.6-fold for emission at 545 nm. Moreover, the finite different time domain
simulations are developed to further explain the experimental results. It is indicated that the
modulation of luminescence can be attributed to the increase of the local density of optical states
through the Purcell effect and the improvement of the energy transfer efficiency between Tb and
Eu. Under the excitation of 360 nm, the maximum enhancement factor is about 71.5-fold. In this
case, the Au nanorods are mainly used for modulating the emission process at 612 nm, which
deduced a greater enhancement factor at 612 nm. This study provides a deep understanding
of the interactions between rare earth ions co-doped materials and plasmonic nanostructures,
building a bridge to fabricate a useful platform for several applications, such as thin film-based
detectors and sensors.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Lanthanide materials have excellent luminescence properties such as wide spectral range, long
lifetime and sharp bands, which can be widely used in sensors [1], bio-imaging [2], solar
cells [3], and many other fields [4–7]. Many lanthanide materials are solubility in organic
solvents and can be doped in polymer to fabricate lanthanide doped materials, which have the
advantages of low-defect, transparent and anisotropy. Two or more lanthanide complexes doped
in a polymer matrix is a highly attractive approach to form the luminescent materials with unique
properties. Yang et al. designed lanthanide-doped core-shell nanoparticles for achieving the
multicolor-tunable dual-mode emissions under the excitation of 254 nm and 980 nm [8]. Song et
al. prepared lanthanide doped polymers with networks for selectively monitoring Zn2+ by the
ratiometric fluorescence of lanthanide [9]. Among many lanthanide ions, Tb and Eu ions are the
typical lanthanide element for Forster resonance energy transfer (FRET) and have the potentially
applications [10,11]. Xia et al. designed the lanthanide metal-organic frameworks used for the
thermometers [12]. Gu et al. realized a near white-light metal-organic gel material by adjusting
the ratio of Tb/Eu and using organic ligand emission [13]. However, further precise regulation of
the luminescence for the lanthanide ions co-doped materials is needed.

As known, the luminescence can be modulated by plasmonic nanoparticles due to the local
surface plasmon resonance (LSPR) effect. The interactions between light waves and luminescent
materials can be unprecedented control by designing and tuning the concentration, size and
shape of the plasmonic nanoparticles [14–17]. And the coupling of plasmonic nanostructures
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recently have attracted considerable attention to further improve the luminescence and to realize
the modification of the emission pattern [18]. For lanthanide materials, many researches have
reported the excitation enhancement and emission enhancement of lanthanide materials caused
by plasmonic nanoparticles [19]. Yuan Gao et Al used the LSPR effect of Al nanolars to
achieve upconversion luminescence enhancement of (Er/Yb@Yb/Nd) core−shell NPs, and the
results showed that the enhancement could reach 44-fold [20]. Avaro Herrera et al made an
Er-doped GeO2·PbO glass for near-infrared luminosity enhancement with an enhancement factor
of 1.38-fold using a Au@Ag structure. The mechanism of NIR luminescence enhancement is
analyzed in detail [21]. Xiaohu Mi et al. reported a new method for synthesis of Au–Cu Janus
nanojellyfish (JNF) by using twinned tips of Au nanoflower (NF) as seeds. The luminescence
enhancement of the upconversion nanoparticles is nearly 5000-fold [22]. In addition, experiments
have suggested that the energy transfer channel can be turned on/off and modified the energy
transfer efficiency in presence of plasmonic nanoparticles [23]. However, most of these systems
focused on the maximized enhancement, and it is difficult to realize a uniform luminescence
enhancement, which is often beneficial for the practical applications, such as the sensing based
on the film platform. There are still rarely plasmonic substrates available to serve as a uniform
platform for enhancing the luminescence.

In this work, the Au nanorods (Au NRs) embedded in polyvinyl alcohol (PVA) films are
prepared simply and used for the improvement and modulation of the photoluminescence(PL)
properties of Tb/Eu films. The emission process of the Tb/Eu films are modulated due to the
well match between the transverse LSPR (T-LSPR) and the longitudinal LSPR (L-LSPR) of
Au NRs and the emission bands of Tb and Eu respectively. The results shows that the PL of
the Tb/Eu film is greatly improved and varied at different zone of the Au NRs-PVA film, the
maximum luminescence is obtained near the edge area due to the distribution of Au NRs in
PVA film. The luminescence is nearly uniform within a location area of about three times of the
incident light spots. Under excitation of 292 nm, the maximum enhancement factor is 37.2-fold
for the emission at 612 nm and 21.6-fold for the emission at 545 nm, which can be attributed to
the increases of the local density of optical states (LDOS) and the energy transfer efficiency from
Tb to Eu. Under excitation of 360 nm, the maximum enhancement factor is 71.5-fold for the
emission at 612 nm due to the increase of the LDOS. The dual modulation on the PL and the
energy transfer is achieved based on the Au NRs-PVA film.

2. Experiments and methods

2.1. Chemicals and materials

PVA ((C2H4O)n,≥99%) was gotten from Kermel. Poly(methylmethacrylate) (PMMA,(C5H8O2)n)
was gotten from Acros. For the lanthanide complexes, Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)
terbium(III) (Tb(TMHD)3, C27H29N2O6Tb) was obtained from Aladdin. Tris(1,3-diphenyl-
1,3-propanedionato)(1,10-phenanthroline)europium(III) (Eu(dbm)3phen,C57H41EuN2O6) was
obtained from Hwrk Chem. The Si(111) wafer and quartz substrates were bought commercially.

2.2. Preparation of Au NRs-PVA film

The Au NRs were prepared according to our previous method [24]. Detailed experiments were
presented in the Part 1 of the Supplement 1. Then, in order to adjust the distribution of the Au
NRs on the substrate, the Au NRs solutions were mixed with 2 wt.% PVA solution by volume
ratio 1:1 and stirred for 4 h to form Au NRs-PVA solutions. 300 µl of the Au NRs-PVA solution
was drop-casted onto the quartz substrate (2 cm×2 cm) and dried in a vacuum oven at 50 °C to
get the locally uniform Au NRs-PVA nanocomposite film.

https://doi.org/10.6084/m9.figshare.24771675
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2.3. Preparation of Tb/Eu co-doped PMMA film

The PMMA and rare earth complexes including Tb(TMHD)3 and Eu(dbm)3phen were dissolved
in chloroform, the weight ratio of rare earth complexes, PMMA, and chloroform was 0.03:1:150.
The different molar ratios of Tb and Eu were selected, as follows 1:0.0, 1:0.4, 1:0.8, 1:1.0, 1:1.2
and 1:1.4. After the rigorous stirring for 2 h, 60 µl of the prepared solution was taken and
spin-coated on substrates with and without Au NRs-PVA film to get the Eu/Tb co-doped film.
Then the samples were baked for 30 min. The prepared process of Eu/Tb co-doped film on Au
NRs-PVA nanocomposite film is shown in Fig. 1.

Fig. 1. The prepared process of samples.

2.4. Characterization

The thickness and refractive index of PMMA and PVA films were measured by the Spectro-
scopic Ellipsometer (J.A.Woollam, M-2000VI). The morphology of Au NRs was measured by
transmission electron microscopy (TEM,JEM-2010PLUS) and the distribution was measured by
scan electron microscopy (SEM,ZISS sigma 300). The absorption spectra were characterized by
the UV-vis spectrometer (HITACHI U-3310). The Fourier Transform Infrared spectra (FT-IR)
of samples were collected by the Fourier transform infrared spectroscopy (IRTracer-100). The
Microscope photos were obtained by Axio Imager A2 m. The emission spectra were measured
by the spectrophotometer system (Edinburgh FLS920), and the luminescence kinetics data was
measured by the time-correlated single photon counting technique.

2.5. Theoretical simulations

The electromagnetic field intensity was simulated by the finite difference time domain (FDTD)
method. The FDTD simulation was realized by the software of Rsoft. The diameter and length
used in simulations were set as about 20 nm and 50 nm respectively according to the experimental
data. The Au NR was embedded in a 50 nm PVA film (optimal luminescence enhancement
thickness), and Eu or Tb complexes were simulated as dipoles. The dielectric constants of PVA
and PMMA films were set as 1.47 and 1.49 respectively. The corresponding grid size was set as
1 nm. A plane-wave total field-scattered field source was used as the incident light.
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3. Results and discussion

3.1. Main properties of the Au NRs-PVA nanocomposite films

The properties of the Au NRs-PVA nanocomposite film are investigated, and the results are
presented in Fig. 2(a)-(e). The Au NRs in PVA solutions are characterized by TEM, as shown
in Fig. 2(a). It is indicated that the Au NRs in the PVA solution is rods, which is the same
with that in aqueous solution. The diameter and length distribution of Au NRs are presented in
Fig. 2(b)-(c), the corresponding average diameter is about 19.4± 2.2 nm and the average length is
about 43.5± 6.1 nm respectively. The normalized absorption spectra of Au NRs-PVA film (blue
line) and Au NRs in aqueous solution (red line) are shown in Fig. 2(d). As shown, there are two
plasmon absorption bands located at 518 nm and 633 nm, corresponding the T-LSPR and L-LSPR
of the Au NRs in aqueous solution. For the Au NRs-PVA film, the plasmon absorption peaks
are red-shifted to 521 nm and 660 nm respectively, the red shift phenomenon can be attributed
to the high refractive index of the PVA [25]. The pure PVA film and Au NRs-PVA film are
further characterized by FTIR spectra, as shown in Fig. 2(e). For the pure PVA film, a broad
absorption band located at 3329 cm−1 is observed due to the O-H stretching vibrations. The
narrow band located at 2943 cm−1 is associated with CH2-group stretching vibrations. And the
peak located at 1095 cm−1 corresponds to the C-O stretching and O-H bending vibrations arising
from the PVA chain [26]. However, for the Au NRs-PVA film, the vibration bands centered at
3329 cm−1, 2943 cm−1, and 1095 cm−1 are sharper than that of the pure PVA film and have the
greater intensities due to the existence of Au NRs in PVA film [27].

Fig. 2. a. TEM image of the Au NRs in PVA solution. b. Diameter distribution of Au
NRs. c. Length distribution of Au NRs. d. The absorption of Au NRs-PVA film (blue line)
and Au NRs in aqueous solution (red line). e. The FTIR spectra of pure PVA film and Au
NRs-PVA film.

The entire distribution of plasmonic nanoparticles in PVA film have a great effect on the PL
enhancement, which would deduce the different PL enhancement at the different zone for the
Eu/Tb film. As known, the distribution can change continuously from a ring to mountainlike
when the mobility of the contact line and evaporation rate are changed [28]. For the Au NRs-PVA
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solution, the distribution of AuNRs would change due to the adhesion of PVA. The comparison
of the distribution of the pure Au NRs after drop-casting the pure Au NRs solution and Au
NRs-PVA solution under the same conditions are presented, which is shown in Supplementrary
Figure S1 and Figure S2. As shown in Figure S1, many coffee-ring pattern can be obtained for
the pure Au NRs solution here. Unlike the distribution of the pure Au NRs, there are only a
few rings and the ring at the edge is biggest on the substrates for the Au NRs-PVA film, which
demonstrates that there are a large number of Au NRs at the edge. Compared with the coffee-ring
pattern of the pure Au NRs, the entire distribution of the Au NRs embedded in PVA appears
the better dispersion due to the viscosity of PVA. It can realize the uniform distribution of Au
NRs within a local range. The EDS images of Au NRs-PVA film near the edge is presented in
Supplementary Figure S3, which can further prove the presence of the element Au. Hence, the Au
NRs-PVA nanocomposite films can be used as the locally uniform platform for the luminescence
enhancement.

To present the effect of the pure PVA and the Au NRs-PVA film on the luminescence, the
influence of the pure PVA film and the Au NRs-PVA film on the luminescence of Eu is presented
in Figure S4. As shown, the greatest luminescence enhancement based on the pure PVA film is
about 2.5-fold and it is obtained at the central zone. And for the Au NRs-PVA film substrates, the
greatest luminescence enhancement can reach to dozens of times and the strongest luminescence
intensity is obtained at the area of edge due to the distribution of Au NRs as shown in Figure
S2d. Moreover, the luminescence intensity of Tb/Eu films based on the Au NRs PVA film at all
positions are obviously greater than that based on the pure PVA film. It is further found that
the luminescence intensity nearly no change when the measured positions is slightly moved in
the local micro-region (about three times the size of the excited light spot), which further prove
the uniform distribution of Au NRs within a local range.Hence, the luminescence intensity can
be regarded as uniform in the local micro-region due to the distribution of Au NRs here. The
locally uniform luminescence enhancement is obtained by the Au NRs-PVA film. According to
the results above, all the Tb/Eu co-doped PMMA film on the Au NRs-PVA film is recorded at the
edge zone at which the greatest maximum luminescence intensity is obtained in the experiments.

3.2. Luminescence properties of Tb/Eu film based on the Au NRs-PVA nanocomposite
films under excitation of 292 nm

The optical properties of Tb film, Eu film and Tb/Eu co-doped PMMA film have been researched
in detail before [24]. Here, the pure Tb/Eu co-doped PMMA film has the similar optical
properties. Fig. 3 shows the corresponding PL properties of Tb/Eu co-doped PMMA film
on the Au NRs-PVA film under excitation of 292 nm. Fig. 3(a) shows the comparison of the
luminescence spectra of the Tb/Eu co-doped PMMA film in the presence and absence of Au
NRs-PVA film at different molar ratios of Tb and Eu. Inset further shows the luminescence
spectra of the Tb/Eu co-doped PMMA film at different molar ratios of Tb and Eu in absence of
Au NRs-PVA film. As shown in inset, in absence of Au NRs-PVA film, the luminescence of Tb is
decreased and the luminescence of Eu is increased with the increase of the molar ratios of Tb and
Eu due to the energy transfer from Tb to Eu. And the PL of Tb/Eu film is extremely improved in
presence of Au NRs-PVA film for all the molar ratios. To further present the influence of the
Au NRs-PVA film on the PL properties, the corresponding luminescence enhancement factor at
545 nm and 612 nm is shown in Fig. 3(b) respectively. It is shown that the enhancement factor is
about 19.3-fold for the pure Tb film. For the Tb/Eu co-doped PMMA film, the enhancement
factors at 545 nm and 612 nm both increases to a maximum and then decreases with the increasing
of Eu, The enhancement factors at 545 nm are 9.7-fold, 17.6-fold, 21.6-fold, 16.3-fold and
18.5-fold respectively and the enhancement factors at 612 nm are 14.3-fold, 37.2-fold, 32.3-fold,
26.1-fold, and 23.2-fold respectively for the molar ratios of 1: 0.4, 1:0.8, 1:1.0, 1:1.2 and 1:1.4.
The maximum enhancement factor is 21.6-fold (545 nm) and 37.2-fold (612 nm) at the molar
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ratio of 1:1.0 and 1:0.8 respectively. It can be seen that even under the excitation of 292 nm, the
enhancement factor at 612 nm is always higher than that at 545 nm, which can be attributed to
the greater relative intensity of L-LSPR than that of T-LSPR.

Fig. 3. The PL properties of Tb/Eu co-doped PMMA film on substrates with Au NRs-PVA
film under excitation of 292 nm: a. The PL spectra with and without Au NRs-PVA film.
Inset shows the PL spectra without Au NRs-PVA film. b. The corresponding enhancement
factors at 545 nm and 612 nm respectively. c. The luminescence decay lifetime curves at
545 nm. d. The average lifetime of Tb/Eu co-doped film. e. The molar ratio dependencies
of the efficiency of the energy transfer from the Tb to the Eu.

To further reveal the interaction between Au NRs-PVA film and Tb/Eu film, the change of
lifetime for the samples with Au NRs-PVA film are researched. Fig. 3(c) shows the decay curves
of the Tb/Eu co-doped PMMA film at 545 nm. Fig. 3(d) shows the corresponding average lifetime
at different molar ratios. As shown, the average lifetime is decreased at all the different molar
ratios, which is accompanied by a significant increase in luminescence intensity. For pure Tb
film, the average lifetime is decreased from 1143.42 µs to 1011.55 µs. For the Tb/Eu co-doped
PMMA film, the average lifetime is decreased from 909.39 µs to 368.82 µs with increasing of Eu.
All the results reveals the greatly influence of Au NRs-PVA film on the emission process.

As known, the energy transfer from donor to acceptor is an non-radiative process, which would
lead to the decrease of the lifetime. The energy transfer efficiencies can be calculated according
to the equation ηET = 1 − τ

τ0
, where τ and τ0 are the luminescence lifetime of the donor in the

presence and absence of the acceptor respectively [29]. For the energy transfer from Tb to Eu,
the decrease of the lifetime reveal the efficiently energy transfer from Tb to Eu. The decreased
lifetime of Tb with the increasing of Eu demonstrates the improvement of the energy transfer
efficiency from Tb to Eu. The calculated energy transfer efficiency ηET for the samples with
and without Au NRs-PVA film are presented in Fig. 3(e). As shown, for the pure Tb/Eu film in
absence of Au NRs-PVA film, the ηET is increased from 12.01% to 47.89% with increasing of Eu.
And it is increased from 10.10% to 63.54% in presence of Au NRs-PVA film. The maximum



Research Article Vol. 15, No. 1 / 1 Jan 2024 / Biomedical Optics Express 312

ηET is increased from 47.89% to 63.54%. It is indicated the energy transfer from Tb to Eu due to
the Au NRs-PVA film is increased.

As known, the energy transfer efficiency ηET also can be expressed as:

ηET =
R6

0

R6
0 + γ

6
(1)

where R0 is the Forster distance, γ is the distance between Eu and Tb. In this work, the film is
the same, so the distance γ can be set as the same. R0 is related to the the relative orientation of
Eu and Tb transfer dipoles, the refractive index, the fluorescence quantum yield of Tb without
Eu, and the overlap of the emission of donor and the absorption of the acceptor [30]. In presence
of Au NRs-PVA film, the refractive index measured by ellipsometer is slightly increased, the
fluorescence quantum yield and the spectra overlap is also increased, which would deduced the
increase of R0 and the energy transfer efficiency. Hence, the energy efficiency ηET is increased
here.

The Au NRs-PVA nanocomposite film used here has two LSPR bands located at 521 nm and
660 nm, which match well with the main emission bands of Tb and Eu respectively. So, the Au
NRs embedded in PVA film would mainly modulate the emission process of Tb and Eu due to
the Purcell effect [31]. According to Fermi’s golden rule, the radiative rate of an emitter can be
expressed as follows:

K =
πω

3ℏE0
|p|2ρ(r,ω) (2)

where ω is the emission frequency, p is the transition dipole moment of the emitter, r is the
position, ε0 is the permittivity of free space, and ρ(r,ω) is the LDOS at frequency ω. It can
be found that the radiative rate is proportional to the LDOS. When the LSPR of plasmonic
nanostructures overlaps well with the emission band of emitters, the LDOS can be obviously
improved and further enhances the radiative rate K. According to lifetime τ = 1

K+Kn
, where K

is the radiative rate and Kn is the nonradiative rate. The decreased lifetime accompanied by a
significant increase in luminescence intensity here reveals the increase of the radiative rate due to
the increased LDOS of emitters [32]. On the other hand, the LDOS at the emitter position has a
great relationship with the electromagnetic field enhancement and the transition dipole moment
of the emitter [33]. In our experiments, the transition dipole moment of emitters can be set as
random in the films. Hence the electromagnetic field enhancement at the emission wavelength
provides the insights into the decreased lifetime and the improved LDOS for these samples.
The findings above indicate that the Au NRs-PVA film speeds up the emission process of the
Tb/Eu co-doped PMMA film at 545 nm, the corresponding radiative rates could be increased by
manipulating the LDOS of emitter through the Purcell effect.

Since the LDOS is associated with the electromagnetic field enhancement, the distribution
of the local electric field near the Au NRs embedded in 50 nm PVA film is simulated at the
excitation and emission wavelengths of the Tb/Eu film by using FDTD method. The parameters
in the simulations are selected according to the experimental data. The results are presented in
Fig. 4. The red line shown in Fig. 4 represents the interface between Au NRs-PVA film and
Tb/Eu co-doped PMMA film. The local electromagnetic field enhancement is firstly presented at
different wavelengths. As shown in Fig. 4(a)-(b), the local electric field at 292 nm and 360 nm is
slightly enhanced because the overlap between the LSPR bands and the excitation bands located
at 292 nm and 360 nm is not well. Figure 4(c)-(d) shows the local field at 545 nm and 612 nm. As
shown, the local electric field is remarkably enhanced in the proximity of the Au NRs due to the
well overlapping, which reveals the excitation of the LSPR at 545 nm and 612 nm. The maximum
intensity of local electric field is observed at 612 nm due to the greater relative intensity of
L-LSPR than the T-LSPR, providing insights into the greater enhancement factor at 612 nm for
the Tb/Eu co-doped PMMA film.
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Fig. 4. The simulated distribution of the local electric field based on the Au nanorod
embedded in PVA layer at a. 292 nm, b. 360 nm, c. 545 nm, and d. 612 nm.

To further present the influence of Au NRs-PVA film on the luminescence process, dipole
is further utilized to simulate the Tb or Eu luminescent molecule in the PMMA film based on
the Au nanorod embedded in 50 nm PVA. The emission wavelengths of the dipole are set as
545 nm and 612 nm, respectively. The emission of pure dipole in local field zone is shown in
Fig. 5(a). And the emission of dipole at 545 nm and 612 nm based on Au NRs-PVA film are
shown in Fig. 5(b)-(c) respectively. It is can be seen that the emission at 612 nm is greater along
the propagation direction compared with that at 545 nm in local field zone, which is consistent
with the experimentally result. To further present it, the intensity of filed along the white dotted
line which near the Au NR is shown in Fig. 5(d). As shown, when the dipole is deposited near
the Au NR, the emission of dipole is enhanced at 545 nm and 612 nm, and the enhancement
at 612 nm is greater than that at 545 nm. The electromagnetic field enhancements at 545 nm
and 612 nm reflect that the Au NRs can greatly increase the LDOS and modulate the emission
process of Tb and Eu.

Based on above analyses, Fig. 6 indicates the schematic of the PL of Tb/Eu co-doped PMMA
film in presence of Au NRs-PVA film. Under excitation of 292 nm, the organic ligand TMHD
absorbs the energy and is excited to the excited state S1, and the energy at the excited state S1 is
transferred to the triplet excited state of the ligand through inter-system crossing, then transfer the
energy to the Tb ions 5D4 level, which induced the excitation of Tb ions [34]. The excited ions
Tb partly radiate the energy by the luminescence to emit the green light at 545 nm (5D4→

7F5),
and partly transfer the energy to the Eu ions 5D0 level to emit red light at 612 nm (5D0→7F2),
which is the energy transfer process between Tb and Eu. According to Purcell effect, the T-LSPR
and L-LSPR bands of the Au NRs-PVA film match well with the emission bands of Tb and Eu
respectively, which results in the increase of LDOS and the modulation on the emission process
of Tb and Eu [19]. The FDTD simulations at the emission wavelength further prove the increase
of LDOS due to the Au NRs-PVA film. Meanwhile, the energy transfer from Tb to Eu is also
modulated due to the well match. As known, the plasmonic nanostructures nearly the randomly
distributed donor-acceptor pairs can effectively influence the FRET, and the energy transfer rate,
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Fig. 5. a. the emission of the pure dipole in nearfield range. b. the emission of dipole at
545 nm based on Au nanorod embedded in PVA layer. c. the emission of dipole at 612 nm
based on Au nanorod embedded in PVA layer. d. The field intensity along the white dotted
line (z= 130 nm) shown in figure a-c.

efficiency and forster distance can be modified because of the coupling of the fluorophores with
Au NRs. When the plasmon peak overlaps with the emission peak of the donor, the energy
transfer channel is turned off. When the plasmon is right at the intrinsic emission peak of the
acceptor, the energy transfer channel is turned on [35]. Here, the L-LSPR is overlap with the
emission of the acceptor and it’s stronger than that of the T-LSPR, which results in the increase
of the energy transfer efficiency.

Fig. 6. Schematic of the luminescence of Tb/Eu film in presence of Au NRs-PVA film
under excitation of 292 nm.

3.3. Luminescence properties of Tb/Eu co-doped PMMA film based on the Au NRs-
PVA nanocomposite films under excitation of 360 nm

Under excitation of 360 nm, the emission properties of the Tb/Eu co-doped PMMA film in presence
of Au NRs-PVA films are shown in Fig. 7. As shown, the PL at 612 nm is the main emission, the
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PL at 545 nm is not obvious because the Tb is not excited at 360 nm. Figure 7(a) shows the PL
spectra of the Tb/Eu co-doped PMMA film with and without Au NRs-PVA film respectively. As
shown, the PL of samples with Au NRs-PVA film is extremely improved compared with that
of the pure Tb/Eu co-doped PMMA film. Figure 7(b) presents the corresponding enhancement
factor at 612 nm. The enhancement factor increases to a maximum and then decreases with
increasing of Eu. The maximum enhancement factor is up to 71.5-fold at the molar ratio of 1:1,
the enhancement factors are 29.2-fold, 56.7-fold, 71.5-fold, 65.5-fold and 55.5-fold respectively
with the increase of the molar ratios, which is extremely greater than that under the excitation of
292 nm (Fig. 3(b)). The comparison of the enhancement factor under excitation of 292 nm and
360 nm is shown in Supplementary Figure S5. Under excitation of 292 nm, although the samples
are excited under the characteristic excitation of Tb, the enhancement factor at the emission of
612 nm is greater than that at the emission of 545 nm. The greater enhancement factor at 612 nm
is because that the relative intensity of L-LSPR is greater than that of the T-LSPR as shown in
Fig. 2(d), which means the greater influence on the radiative rate at 612 nm. Under excitation of
292 nm, the Au NRs can be used for the increase of the LDOS and modulate the emission of Eu
and Tb at 612 nm and 545 nm respectively, meanwhile the energy transfer between Tb and Eu
is also increased. For emission of 612 nm, the enhancement factor under excitation of 360 nm
is greater than that under excitation of 292 nm. Under excitation of 360 nm, the Au NRs only
can be used for modulate the luminescence of Eu at 612 nm because the emission at 545 nm is
not excited then, which would result in the greater increase of the LDOS and deduce the greater
enhancement factor at 612 nm.

Fig. 7. The emission properties of samples: a. The photoluminescence spectra of the Tb/Eu
co-doped PMMA film without and with Au NRs-PVA film under excitation of 360 nm. Inset
is the corresponding luminescence spectra without Au NRs-PVA film under excitation of
360 nm. b. The corresponding enhancement factor.

Many investigates have realized the regulation of the luminescence properties of rare earth
co-doped materials by the plasmonic nanoparticles. For example, Xin Li et al. designed
recyclable upconversion fluorescence indicator papers consisting of upconversion nanorods and
plasmonic nanostructures by electrospinning to achieve NaYF4:Yb3+,Er3+ 3-fold enhancement
[6]. Yuan Zhao et al prepared Au nanobipyramids (Au NBPs) and persistent luminescence
ZnGeGaO:Cr,Er,Yb nanoparticle (ZGGO NP) nanocomposites to enhance the luminescence of
materials with an enhancement factor of 1.5-fold [36]. Zongzhuo Xie et al propose a technological
approach to combine core - shell structures and plasmon resonance for synergistically enhancing
the luminescence intensity with tunable upconversion luminescence emission. The results show
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that the overall upconversion luminescence is improved by two orders of magnitude [37]. For our
sample, the Tb/Eu luminescence are enhanced by tens of times due to the introduction of Au
NRs. At the same time, the energy transfer from Tb to Eu is improved, resulting in a change in
the red-green intensity ratio. More importantly, the locally uniform luminescence enhancement
is obtained, which has the potential for application in the field of fluorescence detection. In
addition, the LSPR effect of metal nanoparticles has also been applied to optical fiber sensors. For
example, Ragini Singh et al. prepared a novel tape-in-taper with four tapered (TIT4 T) structure
based on single-mode fiber. The functionalized Au NPs particles were further immobilized in
the probe’s sensing region to increase its LSPR efficiency and sensitivity. The low concentration
and repeatable detection of ALT is realized by the change of the absorption peak of Au NPs [38].
And it has been reported that the PVA film has the good biocompatible [39]. Therefore, the
Au NRs-PVA film here may also be coated on the surface of the fiber and used as the potential
optical fiber sensors.

Conclusion

The Au NRs-PVA films are prepared easily and used as a platform to achieve the locally uniform
luminescence enhancement, the luminescence of Tb/Eu co-doped PMMA films is obviously
enhanced. Under excitation of 292 nm, the maximum enhancement factors are 37.2-fold at
612 nm and 21.6-fold at 545 nm, respectively. This can be attributed to the improved LDOS
and increased energy transfer efficiency between Tb and Eu as a result of the Au NRs-PVA film.
Under excitation of 360 nm, the maximum enhancement factor is approximately 71.5-fold for
the emission at 612 nm. In this case, the Au NRs-PVA film is used to modulate the emission
process at 612 nm, which induced a greater enhancement factor. This study of Au NRs-PVA
film on the luminescence properties of co-doped films has great application potential and can be
used as a useful platform for several applications, such as thin film-based detectors and sensors.
The platform would demonstrate the excellent detection performance and enhance the sensitivity
through the luminescence enhancement of the Tb/Eu films. Its locally uniform luminescence can
make it to be a valuable tool in fluorescence detection and realize the enhanced sensitivity of
detection. And it is also a candidate material in the field of optical fiber sensors. By adjusting the
plasmonic nanoparticles and choosing the rare earth ions, it can be used to detect a wide range of
substances.
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